The direct observation of the Yukawa interaction related to Standard Model Higgs and the bottom quark is obtained from the h → bb process recently. The b-tagging becomes an important tool to search for new heavy resonance production at LHC. We use the b-tagging method to investigate the neutral Higgs production in association with a bottom quark pair, and perform the detector simulation for the signal process with the Higgs decaying into bb or τ + τ − together with the dominant backgrounds. Our results show that bbbb and bbτ + τ − processes will play an important role to search for the exotic heavy Higgs production at LHC and future hadron colliders.
I. INTRODUCTION
The discovery of the Higgs boson at the Large Hadron Collider (LHC) confirms the importance to search for the exotic Higgs bosons beyond Standard Model (SM). There are several well-known motivations for the extension of Higgs sectors, such as CP-violation [1, 2] , Supersymmetry [3] [4] [5] , Grand Unification [6, 7] , etc. One simple example is the Two-HiggsDoublet Model (2HDM) [8] [9] [10] , where there are three neutral Higgs bosons (h, H, A) and two charged Higgs bosons (H ± ). In the 2HDM, flavour changing neutral currents at tree level can be suppressed by the discrete symmetries, thus the fermions can be coupled to the [11, 12] , W W/ZZ [13] [14] [15] , γγ [16] , A → hZ [17] , A/H → HZ/AZ [18, 19] , and H → hh [20, 21] . The strongest bounds at large tan β come from A/H → τ + τ − mode, which exclude m A/H about 1.5 TeV for tan β ∼ 50 [22] . In the small tan β region, the A/H → tt mode can help to extend the exclusion limit up to 2 TeV [23] . The direct searches for charged Higgs bosons are reported with the H ± → τ ν, tb channels [24] [25] [26] . The D0 and CDF Collaboration have presented a search for H → bb, produced in association with bottom quarks [27] [28] [29] . The theoretical constraints on the 2HDM parameters are reviewed with the vacuum stability, unitarity, electroweak precision measurements and flavour constraints [30] .
The Yukawa coupling is proportional to the fermion mass. As a result, it is promising to investigate the Yukawa interaction between Higgs boson and the third generation fermions (t, b, τ ). The Higgs boson production in association with a top quark pair process is widely studied theoretically [31] [32] [33] [34] [35] and is observed at LHC for the first time [36, 37] . In the SM, Higgs production in associated with bottom quark is suppressed due to small Yukawa coupling compared with top quark. To study the Yukawa coupling y bbh related to Higgs and bottom quark, the bbh production with h → bb process is interesting, since there is only one type Yukawa interaction. The inclusive bbh cross section can be enhanced by the QCD effect and phase space [38, 39] . Moreover, in the 2HDM with a large value of tan β, the cross section of bbH (A) can be larger than that of the ttH (A) process. Recently, the direct observation of the Yukawa interaction related to SM Higgs and the bottom quark is obtained from the h → bb process at LHC [40, 41] . Comparing the bb decay mode of Higgs, though the branching ratio of τ + τ − decay mode is not very large, it can also provide significant signatures for the Higgs production due to the clear background. The b-tagging method is well developed and becomes an important tool to search for new heavy resonance production at LHC. In this work, as an example, we use the b-tagging method to investigate the neutral Higgs production in association with a bottom quark pair via the signature of bbbb and bbτ + τ − within the 2HDM framework at LHC. The corresponding background processes such as bbjj, Zbb, ZZ at LHC are also simulated.
This paper is organized as follows. In Sec.II, the corresponding theoretical framework is briefly introduced. The numerical results with h/H/A → bb/τ + τ − decay modes in the SM and 2HDM are listed in Sec.III. Finally, a brief summary is given.
II. THEORETICAL FRAMEWORK
A. Two-Higgs-Doublet Model
In the Standard Model, there is one SU(2) scalar doublet. After spontaneous symmetry breaking, it is well known that the mass of fermion is extracted from the related Yukawa interactions,
where m f is the mass of fermion and v is the vacuum expectation value of Higgs. It shows the interaction of Higgs boson coupling to bottom quarks is proportional to the mass of bottom quark. However, this Yukawa coupling could be considerably enhanced in the extensions of the standard model with more than one Higgs doublet. The two-Higgs-doublet model is the simplest extension to the SM, which contains two scalar Higgs doublets Φ 1 and Φ 2 . In the 2HDM, there are two neutral, scalar Higgs bosons. One of them can be taken as the SM-like Higgs boson which has already been discovered at the LHC. In addition, there are two charged Higgs bosons as well as a neutral, pseudoscalar Higgs boson.
In the conventions of references [42, 43] , the most general gauge invariant and renormal- 
where v 
where c i and s i (i = 1, 2, 3) are the cosines and sines of the mixing angles α i . In the case of CP-conserving, we can require only φ 1 and φ 2 mixing, which means α 1 = 0, α 2 = α 3 = 0.
The matrix R is now block diagonal with R 13 = R 23 = R 31 = R 32 = 0 and R 33 = 1. The three neutral Higgs conventionally are denoted by φ 1 = h, φ 2 = H, and φ 3 = A. Then seven independent parameters are left in the mass basis,
The alignment limit is supposed to be consistent with the SM Higgs boson gauge couplings with sin(β − α 1 ) = 1 [44, 45] . In the 2HDM, flavour changing neutral currents at tree level can be suppressed by the discrete symmetries, thus the fermions can be coupled to the Higgs doublets in different types. In the type-I 2HDM, all quarks and charged leptons couple to Φ 2 doublet. In the type-II 2HDM, the doublet Φ 1 is coupled to down-type quarks and charged leptons, while Φ 2 is coupled to up-type quark. In the lepton-specific 2HDM, the doublet Φ 1 is coupled to charged leptons, while Φ 2 is coupled to all quarks. In the flipped 2HDM, the doublet Φ 1 is coupled to down-type quarks while Φ 2 is coupled to charged leptons and up-type quarks. We study the Higgs interactions in type-II 2HDM. The Yukawa couplings of the neutral scalars to fermions can be obtained through the interactions of φ k with the third generation quarks,
where c The labels t and b stand for u-type and d-type quarks.
B. Decay width
The decay branching ratio of Higgs boson is model-dependent. In the SM, the decay branching ratio BR(h → bb) is 60% and BR(h → τ + τ − ) is around 6% [46] . In the 2HDM, according to the above discussion and constraints from the type-II model with CP-conserving, the parameters are set as
where the charged Higgs is heavier than the neutral Higgs. The decay modes of the heavy
In 2HDM, we use the 2HDMC [47] code to calculate the Higgs boson branching ratio.
The results with various mass values and tan β are shown in Fig.1 . The dominant decay channel is H (A) → bb mode with tan β > 10. Its branching ratio is about eighty percent.
The branching ratio of τ + τ − is about ten percent. In the following works, we analyse scalar and pesudoscalar Higgs boson production associated with bottom quark via bbbb, bbτ
C. bbφ k associated production at the LHC At the proton-proton collider, we begin to investigate the bbφ k production with the quark annihilation and the gluon fusion processes as displayed in Fig.2 ,
where p i is the four-momentum of the corresponding particle. The squared matrix element for process pp → bbφ k can be written as
whereM gg (M) is the invariant amplitude of gg (qq) → bbφ k , the expression of |M gg | 2 is lengthy, and is not listed here. The expression of |M| 2 has the formula of The A 1 , A 2 , B 1 and B 2 are expressed as where s,
with the bottom mass of m.
The cross section with the help of parton distribution functions for pp → bbφ k can be written as:
Given the Higgs boson is produced on-shell, with the narrow width approximation, we have
where Γ and M denote the total decay width of Higgs boson and mass respectively. The total cross section including Higgs decay information can be written as
III. COLLIDER ANALYSIS
The cross sections for bbH and bbA production at LHC 14 TeV are ploted as a function of Higgs boson mass in Fig.3 . With the integrated luminosity of 300 fb −1 , one can find that there are significant number of events for bbH and bbA production for m A/H < 1.4 TeV and tan β ≥ 1, and there is no significant discrepancy between these two processes. The SM Higgs boson and exotic Higgs can be produced in the same process and lead to the same collider signatures. We investigate the neutral Higgs production in association with bottom quark pair with φ k → bb and φ k → τ + τ − modes,
Our numerical results are obtained with CTEQ6L1 parton distribution function. We choose the bottom quark mass m = 4.8 GeV and τ lepton mass m τ = 1.776 GeV. To be more realistic, the simulation at the detector is performed by smearing the lepton and jet energies according to the assumption of the Gaussian resolution parametrization
where δ(E)/E is the energy resolution, a is a sampling term, b is a constant term, and ⊕ denotes a sum in quadrature. We take a = 5%, b = 0.55% for leptons and a = 100%, b = 5%
for jets, respectively [48] .
After smearing the energy of jets and leptons, we use the following strategy to confirm the bbbb signal events. The b-tagging efficiency is supposed to be 60%. Firstly, the events with four jets are chosen. Then two of the four jets are chosen optionally to reconstruct the invariant mass. The two jets that reconstructed mass closest to the Higgs mass are defined as j 1 and j 2 and the remaining two are labeled as j 3 and j 4 . We require the transverse momentum p
T and p
T . For the bbτ + τ − final state, we use the invariant mass of τ + τ − to reconstruct the resonance. In order to identify the isolated particle, the angular distribution between particle i and particle j is define by
where ∆φ ij (∆η ij ) denotes azimuthal angle (rapidity) difference between the particles. The transverse momentum p T and rapidity η j of the final particles are set the minimum values for the basic cuts. We simulate the detector acceptance by requiring all final states to have p T > 20 GeV, |η| < 3, and to be separated by a cone of ∆R > 0.4.
A. SM Higgs Results
In this section, we study the associated production of bb and SM Higgs (h) with h → bb and τ + τ − . The total cross sections are shown in Fig.4 without cuts at the LHC with different center-of-mass energy. The cross section can reach 200 fb (20 fb) for bbbb (bbτ + τ − ) with √ s = 14 TeV, which can be up to 6000 fb (600 fb) with √ s = 100 TeV respectively. To clarify the signal from the background, we test different kinematical cuts, and adopt the efficient cuts as follows. The SM Higgs mass is only 125 GeV, comparing to the system energy between signal and background, we require the total energy of the system is about up to 300 GeV (referred to as M j 1 j 2 j 3 j 4 > 300 GeV cut). Moreover, j 1 , j 2 with invariant mass that best reconstructs M h can reject the event if the resulting invariant mass is more or less than ∆M h from M h , where ∆M h = 0.1M h is the maximum of our estimation of the experimental mass resolution (referred to as we veto the events with the reconstructed mass of jet close to Z boson (referred to as
. Finally, we require that the invariant mass of j 3 , j 4 is more than 60 GeV (referred to as M j 3 j 4 > 60 GeV cut). This further reduces the bbjj background.
All the cuts are set as the follows, for bbbb final state,
and for bbτ + τ − final state,
We list the cross sections for the bbτ + τ − and bbbb final states after all cuts in Table II . After all cuts the cross section remains about 0.5 fb (13 fb) for bbh with h → bb at 14 TeV (100 TeV), while the background is still large especially for bbjj channel. The cut efficiency for the background process is about two orders of magnitude larger than that signal process, whereas the efficiency ratio for backgrounds can reach four orders at both 14 TeV and 100 TeV. The bbh associated production with h → bb is hard to be detected. For bbh with h → τ + τ − , it is possible to do the study at a 100 TeV collider and the corresponding significance can reach 6.72 (12.
3) with L = 300 fb −1 (L = 1000 fb −1 ). 
B. Exotic Higgs results
In this section, we investigate the associated production of bb and the heavy neutral Higgs (H or A) at hadron colliders. The parameters are set as Eq. (7), as well as m H = m A = 500 GeV and tan β = 10 for the typical examples.
1. bbH and bbA production with H (A) → bb For the bbH production with H → bb, we study the transverse momentum distribution, rapidity distribution and minimal angular separation of jets ∆R distribution, where ∆R = min(∆R ij ). The corresponding results are shown in Fig.5 (a) , (b) and (c) respectively. In order to improve the signal-background ratio, we apply the basic acceptance cuts,
We also investigate the distribution of 1/σ(dσ/M j 1 j 2 j 3 j 4 ) and the invariant mass distribution of 1/σ(dσ/dM j 1 j 2 ) for pp → bbH → bbbb process. The results are demonstrated in Fig.6 . Compared with the backgrounds, there is a clear resonance peak with the reconstructed invariant mass of j 1 , j 2 , thus it will be an effective cut to search for the exotic Higgs boson. Because the Higgs mass is heavier than the relevant SM particles, to further purify the signal, we adopt the following cut, In order to reduce bbjj background, events with at least three identified b-tagged jets are selected for our analysis, i.e. cut IV : three b jet tagging. The b-tagging efficiency is suppose to 60% for the signal process for the simple simulation. The similar approach can be apply to bbA production with A → bb. in the M H/A − tan β plane for bbH and bbA production with H (A) → bb at LHC 14
TeV with the integrated luminosity of 300 fb −1 are plotted in Fig.8 . The result shows that corresponding to the same Higgs boson mass, the signal process will be easier to be detected at the large tan β region for the cross section is increasing with tan β. With m H/A < 1000 TeV, the signal process could be studied only in the region of small Higgs mass as well as tan β > 15. Our strategies are most effective in the mass region around 1100
GeV at the LHC, while the parameter space is difficult to study through the bbbb final state with 600 GeV < m H/A < 1000 GeV and tan β < 20.
2. bbH and bbA production with
The production rate of backgrounds with inclusive charged leptons is less than those with the multi-jets, therefore we investigate bbτ + τ − process at LHC. The τ leptons are tagged as τ -jets with the hadronic decaying. The τ -tagging efficiency depends on the p T -distribution, while we set the tagging efficiency as 10% for simplification according to the PGS detector simulation. The differential distributions with the transverse momentum and rapidity of the jets (charged leptons), and ∆R are shown in Fig.9 . For this signal process, the dominant kinematic distributions between the signal process and background, we employ the following cuts,
In Fig.10 , we present the total cross sections of bbH and bbA production with after all cuts at LHC 14 TeV. Supposing the integral luminosity to be 300 fb −1 at 14 TeV, we display the significance distributions in the two dimension plots of M H/A − tan β plane in Fig.11 . If the value of tan β < 5, it is difficult to observe bbH and bbA process with 300 GeV < M H/A < 700 GeV at LHC 14 TeV. But in the region of tan β > 5, the cross section of signal is enhanced and the significance is larger than 3σ in most mass region.
In the case of the mass degeneration of H and A, the Yukawa interaction in Eq. (6) is CP violating. Following the discussion of [50] , the charge asymmetric term has a good discrimination power of the CP violating coupling. The scalar and pseudoscalar interactions that contribute to the cross section of bbH production involve the factor T r( / p b γ µ/ pbγ ν γ 5 ), which is asymmetric in the interchange of b andb and will affect the kinematics of the associated products of the bottom/anti-bottom quark. In Fig.12 , we show the differential distribution with ∆η for bbH/A and ttH/A. ∆η is defined as the difference of rapidity of bottom/top and anti-bottom/anti-top quark from the associated production. ∆η bb is the same between bbH and bbA processes corresponding to solid curve. There are clear differences between scalar Higgs and pseudoscalar Higgs because of CP violating interactions in association with tt. However the difference is tiny for the bbH and bbA due to the small CP violating interaction term proportional to the mass of bottom quark. Thus the CP properties are difficult to study via the Higgs boson associated production with the bottom quark pair.
IV. SUMMARY
In this work, we study the production of bbφ k (φ k = h, H, A) at a hadron collider. For the SM Higgs (h), the bbh process is hard to be observed at LHC 14 TeV due to the large background, but for the exotic Heavy Higgs (H, A), the bbH and bbA production can be enhanced by tan β. It is found that the cross section of bbH and bbA can be up to 200 fb for m H/A = 500 GeV and tan β = 10 at LHC 14 TeV. After considering bbH and bbA production with the subsequent Higgs decay H (A) → bb, the heavy Higgs production signal can be observed in the mass region 300 GeV < m H/A < 400 GeV and 1000 GeV < m H/A < 1200 GeV for tan β > 8. For the bbτ + τ − channel, its significance after all cuts is higher than that of bbbb, which implies the τ -tagging may be another useful tool to search for heavy resonance production. We also investigate the rapidity difference distribution for bbH (bbA) and ttH (ttA) at LHC, and find that charge asymmetry is sensitive to the heavy quarks mass, and may be used to discriminate the different CP property related to Higgs-top coupling.
Our work shows that bbbb and bbτ + τ − processes will play an important role to search for the production of the exotic heavy Higgs or other heavy resonance particles at LHC and other future hadron colliders. 
